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This discovery describes Tristetraprolln (TTP), the prototype of a family of cys-cys- 
cys-his (CCCH) zinc finger proteins, as a factor that binds to and causes the 
instability of granulocyte-macrophage colony-stimulating factor (GM-CSF) mRNA. 
The current invention derives from the facts that: 1) The lack of expression of TTP 
in bone marroM^ stromal cells (BMSC) derived from TTP deficient mice inhibits the 
normal degradation of GM-CSF mRNA, resulting in increased levels of this mRNA 
and increased rates of synthesis and secretion of this growth factor; 2) The absence 
of TTP in BMSC also inhibits the deadenylation of GM-CSF mRNA, thus 
decreasing its rate of degradation; 3) Similar phenomena can be observed in 
transfection studies with constructs expressing TTP and GM-CSF; 4) Similar co- 
transfection studies have revealed an effect of certain non-binding TTP mutants to 
inhibit the deadenylation and degradation of GM-CSF mRNA, both in cells 
expressing TTP and in cells not expressing TTP; and 5) Similar phenomena can be 
observed with the two known mammalian relatives of TTP, TIS-llB and TIS-llD. 
Although these results are discussed below in relation to TTP specifically, they 
apply to these related proteins as welL 



Our data also provide methods for the development of screening assays for 
molecules that compete with or otherwise inhibit the action of TTP on GM-CSF 
mRNA, thus allowing for the increased synthesis of the growth factor. Such screens 
for TTP competitors or inhibitors are how possible in both intact mammalian or 
yeast cells, using co-transfection or co-expression approaches, and in cell-free 
systems, using purified or recombinant TTP or portions of it, the molecules under 
study (i^e., the potential inhibitors) and RNA oligonucleotides or in vitro synthesized 
RNAs containing the TTP bindmg domain of GM-CSF mRNA. Such assays are 
convenient and are in routine use in our laboratory. 



For the development of gene therapy, 
various mutant forms of TTP that promote GM-CSF mRNA stability could be 
screened with these assays, both for absence of direct binding to the GM-CSF 
mRNA and for their ability to destabilized the mRNA in intact cells- The usefulness 
of such molecules for gene therapy could be screened in transgenic mouse studies, or 
in studies with marrow transplantation after marrow transfection with expression 
vectors. Our future plans involve: 1) Determination of the specificity determinants 
on both TTP protein and GM-CSF mRNA; 2) Early screens for inhibitory peptides 
using combinatorial peptide libraries; 3) Development of cell-free assays for TTF- 
induced deadenylation of GM-CSF mRNA; 4) Study of the effect of TTP on other 
hemopoietic growth factors that share homology with the GM-CSF ARE; 5) 



' . Treatments 

with molecules that compete with or block TTP action on the GM-CSF mRNA, or 
with modified forms of TTP that are inhibitors of GM-CSF mRNA instability, 
would be targeted to the mRNA-protein interaction in the cytosol of cells. It is also 
possible that gene therapy approaches, using modified forms of TTP, would be 
appropriate for the treatment of some of the conditions listed above. 
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Mice deficient in tristetraprolin (TTP), the prototype of a family of CCCH zinc finger proteins, develop an 
inflammatory syndrome mediated by excess tumor necrosis factor alpha (TNF-a). Macrophages derived from 
these mice oversecrete TNF-a, by a mechanism that involves stabilization of TNF-a mRNA, and TTP can bind 
directly to the AU-rich element (ARE) in TNF-a mRNA (E. Carballo, W. S. Lai, and P. J. Blackshear, Science 
281:1001-1005, 1998). We show here that TTP binding to the TNF-a ARE is dependent upon the integrity of 
both zinc fingers, since mutation of a single cysteine residue in either zinc finger to arginine severely attenuated 
the binding of TTP to the TNF-a ARE. In intact cells, TTP at low expression levels promoted a decrease in size 
of the TNF-a mRNA as well as a decrease in its amount; at higher expression levels, the shift to a smaller 
TNF-a mRNA size persisted, while the accumulation of this smaller species increased. RNase H experiments 
indicated that the shift to a smaller size was due to TTP-promoted deadenylation of TNF-a mRNA. This CCCH 
protein is likely to be important in the deadenylation and degradation of TNF-a mRNA and perhaps other 
ARE-containing mRNAs, both in normal physiology and in certain pathological conditions. 



Tristetraprolin (TTP), also known as Nup475, TISll, or 
G0S24 (11, 17, 22, 27, 49), is the product of the immediate- 
early response genes Zfp 36 in mouse cells and ZFP36 in hu- 
man cells, which map to chromosomes 7 and 19ql3.1, respec- 
tively (43). TTP is the prototype of a family of zinc finger 
proteins of the unusual Cys-Cys-Cys-His {CCCH) class; a 
structure for zinc fingers of this type was recently described, 
and the finger was shown to bind zinc with high affinity (52). 
Proteins containing zinc fingers of this class have since been 
identified in organisms ranging from humans to yeasts (10, 13, 
28-30, 35, 40, 43, 47, 50). 

TTP is widely distributed, with particularly high levels of 
expression in spleen, Jymph nodes, and thymus (22). Although 
it was originally described as a nuclear protein in both quies- 
cent and serum-stimulated fibroblasts (11), it was later shown 
to rapidly translocate from the nucleus to the cytosol upon 
stimulation with serum or other mitogens (45). This transloca- 
tion was accompanied by rapid serine phosphorylation of the 
protein (44). More recently, it has been shown to be almost 
exclusively cytosolic in macrophage cell hnes (45) and in pri- 
mary mouse macrophages (7). 

A link between TTP and the cytokine tumor necrosis factor 
alpha (TNF-a) was first suggested by studies of TTP-deficient 
mice (46). These animals appeared normal at birth but then 
rapidly developed a complex syndrome consisting of dermati- 
tis, alopecia, conjunctivitis, cachexia, myeloid hyperplasia ac- 
companied by extramedullary hematopoiesis, autoimmunity, 
and erosive polyarticular arthritis (46). Since some aspects of 
this phenotype resembled earlier mouse models of TNF-a 
excess (9, 19, 48), we attempted to prevent the development of 
the TITP deficiency syndrome with weekly injections of anti- 
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TNF-a antibodies. This treatment prevented the development 
of essentially all aspects of the phenotype (46). Bone marrow 
transplantation from TTP-deficient mice into RAG-2-immu- 
nodeficient mice reproduced the TTP deficiency phenotype 
after a lag period of several months (6), suggesting that the 
phenotype might be due to the slow reconstitution of one or 
more populations of hematopoietic cells. Macrophages from 
the TTP-deficient mice (derived from bone marrow, fetal iiver, 
or resident peritoneal cells) secreted approximately fivefold- 
more TNF-a into the medium, accompanied by a twofold in- 
crease in cellular levels of TNF-a mRNA, compared to the 
wild-type macrophages (6). These findings indicated that over- 
expression of TNF-a from macrophages and perhaps other 
cells was likely to be important in the development of the TTP 
deficiency phenotype. 

More recently, we showed that the stability of TNF-a 
mRNA was increased by more than twofold in bone marrow- 
derived macrophages from TTP-deficient mice compared to 
cells derived from wild-type mice (half-life = 39 min in the wild 
type versus 85 min in the TTP-deficient cells) (7). We also 
demonstrated that both TTP mRNA and protein were induced 
by both lipopolysaccharide (LPS) and TNF-a itself in normal 
macrophages (7). These results suggested that TTP might par- 
ticipate in an autoregulatory loop stimulated by TNF-a, so that 
in the absence of TTP, TNF-a could positively feed back to 
stimulate and maintain its own expression, resulting in the 
state of chronic TNF-a excess seen in the TTP-deficient mice 
(7,46). 

To begin to investigate the apparent ability of TTP to de- 
stabilize TNF-a mRNA, we focused on the AU-rich element 
(ARE) found in the 3' untranslated region (UTR) of TNF-a 
from various species (5) as well as in other cytokine mRNAs 
such as granulocyte-monocyte colony-stimulating factor (GM- 
CSF) and interleukin-3 (IL-3) (36, 41). These AREs have long 
been known to confer instability on their respective mRNAs 
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(1, 41, 42, 53). We first showed that cotransfection of TTP into 
HEK (human embtyonic kidney) 293 cells with constructs in 
which the AREs from TNF^a, IL-3, or GM-CSF mRNAs (53) 
were inserted into the 3' UTR of p-globin led to the rapid 
degradation of p-globin mRNA in all three cases (7). We next 
demonstrated that TTP could bind directly to the TNF-a 
mRNA, specifically in the ARE region (7). These data indi- 
cated that, in some way, TTP could destabilize TNF-a mRNA 
by binding to its ARE. This was the first demonstration of a 
direct binding partner for TTP and suggested the possibility 
that the CCCH family of proteins in general might be RNA 
binding proteins. 

In the present study, we asked whether the integrity of TTP's 
zinc fingers was necessary for its mRNA-destabilizing and/or 
direct binding effect and explored the nature of the cleavage of 
TNF-a mRNA that resulted from TTP binding to its ARE in 
intact cells. Our data indicate that TTP exhibits zinc finger- 
dependent ARE-binding activity, as well as a zinc finger-de- 
pendent ability to promote TNF-a mRNA deadenylation and 
degradation. Through regulation of its cellular, subcellular, 
and tissue-specific expression; induction kinetics; and post- 
translational modification, this protein offers a myriad of po- 
tential mechanisms for regulating the stability of ARE-contain- 
ing mRNAs. 

MATERIALS AND METHODS 

Plasmid construction, (i) Parent plasmids. The human TTP (hTTP) cDNA 
(43) and an hTTP genomic done were obtained as described elsewhere (23). 
Plasmid H6E was made by inserting a 3.7-kb EcoRl-Xbal fragment from the 
human genomic clone into the plasmid vector pBS+ (Stratagene, La Jolla, 
Calif.). This insert contained ~1 kb of promoter, the first exon, the single intron, 
the second exon, and 30 bp of the 3' flanking region. 

(ii) E]q}ression constructs. H6E.HGH3' was constructed as follows: a 597-bp 
Nsil-Xbal fragment in the 3' UTR of H6E that contained five rapid degradation 
signal sequences was replaced by 110 bp of human growth hormone (HGH) 
sequence that encodes the entire HGH 3' UTR (GenBank accession no. 
M13438). The template used to amplify this fragment was p(|>GH (Nichols 
Institute Diagnostics, San Juan, Calif.), The PGR primers were 5'GTGGCTTC 
TAGatgcatGGGTGGCATC3' (5') and 5'GAAGGACACCtctagaGACAAAAT 
GATGC3' (3'), where the capital letters correspond to the HGH sequences and 
the lowercase letters conespond to the recognition sites for Nsd {5' primer) and 
Xbal (3' primer). 

Construct CMV.hTTP.tag was made as follows. The epitope tag derived from 
the influenza virus hemagglutinin protein (21) was attached to the last amino 
acid of hTTP cDNA by the PGR primer-overlapping mutagenesis technique (24). 
The fusion insert that contained the entire hTTP protein coding region and the 
hemagglutinin epitope (hTTP.tag) was then cloned into the Hindlll site of the 
vector CMV.BGH37pBS+. The vector CMV.BGH37pBS+ was created by 
blunt end ligating an NnthPvull fragment from pRc/CMV2 (Invitrogen, Carls- 
bad, Calif.), which contains the human cytomegalovirus (hCMV) promoter- 
enhancer and bovine growth hormone polyadenylation signal, into the EcoRI 
and HindlU sites of pBS+ (Stratagene). Expression of the fusion protein was 
confirmed by Western blot analysis of cytosolic extracts from HEK 293 cells 
transfected with the construct CMV.hr IP, tag, with the polyclonal antibody 
HA. 11 (BAbCO, Richmond, Calif.), which recognized the tag. The zinc finger 
mutants C124R and C147R of CMV.hTTP.tag, which contained a single amino 
acid mutation at position 124 or 147, were made by the PGR primer-overlapping 
mutagenesis technique. In these mutants, the third cysteine in the CCCH motif 
(CI 24) of the first zinc finger or the first cysteine (CI 47) in the second zinc finger 
was changed to arginine. Mutant S228A of CMV.hTTP.tag, in which the serine 
at position 228 (equivalent to the mitogen-activated protein [MAP] kinase phos- 
phorylation site S220 in mouse TTP [mTTP] [44]), was mutated to alanine by the 
same technique. All mutations were confirmed by dideoxy sequencing (Amer- 
sham/U.S. Biochemical). 

CMV.hTrP.EGFP was made as follows. By the PCR primer-overiapping mu- 
tagenesis technique, an Agel site was created immediately after the last amino 
acid of hTTP, so that the stop codon of hTTP was eliminated. When the 
AspyiS'Agel fragment containing the entire hTTP coding region was inserted 
into the corresponding restriction sites of plasmid EGFP-Nl (Qontech, Palo 
Alto, Calif.), hTTP was fused to the N terminus of modified green fluorescent 
protein (EGFP) in the same reading frame. The zinc finger mutants of CMV 
JiTTP.EGFP (C124R and C147R) were made by mserting BstEll-BamHl frag- 
ments of hTTP containing the mutations from the C124R and C147R mutants of 
CMV.hTTP.tag into the corresponding restriction sites in CMV.hTTP.EGFP. To 
make the construct H6E.EGFP, a promoterless fusion construct was created by 



first removing the CMV promoter from plasmid CMV.hTTP.EGFP by digestion 
with Asel and Bglll and then biunt end religating the remaining DNA. The 
hTTP-EGFP fusion plasmid without the promoter was then digested with EcoKl 
(a site in the multiple cloning site of the vector) and BstEll (a site in the hTTP 
coding region), and then ai) EcoKl-BstEU fragment from plasmid H6E contain- 
ing ~1 kb of promoter, the first exon, the intron, and part of the second exon up 
to the BstEU site was inserted into the corresponding sites in the fusion con- 
struct. 

CMV,mTNF-a was made by first inserting an Narl-Xbal fragment containing 
bp 117 to 1325 of an mTNF-a cDNA sequence (GenBank accession no. X02611) 
into the Hin6lU (blunt end ligation) and Xbal sites of vector pSK- (Stratagene); 
an Asel-Xhol fragment containing the hCMV promoter-enhancer from 
pEGFP-Nl (Clontech) was then blunt end ligated into the Xhol site of the 
vector. Correct orientation of the promoter with respect to the mTNF-a insert 
was confirmed by dideoxy sequencing. The mTNF-a cDNA clone, provided by B. 
Beutler (Tlie University of Texas Southwestern Medical Center, Dallas), con- 
tained an incomplete 3' UTR that ended at bp 1325 (GenBank accession no. 
X02611), with 33 adenylate residues attached to the last T. 

CMV.mTNFa (dARE) was made by deleting the ARE region (bp 1302 to 
1325 of GenBank accession no. X02611) of CMV.mTNF-a by the PCR primer- 
overlapping mutagenesis technique. There were 28 adenylate residues attached 
to the last nucleotide (bp 1301 of GenBank accession no. X02611) of this 
construct. 

Transfection of HEK 293 cells» Northern blot analysis, RNase H assay, and 
cytosolic extract preparation. HEK 293 cells were maintained in minimal essen> 
tial medmm (Life Technologies, Inc., Gaithersburg, Md.) supplemented with 
10% fetal bovine serum, 100 U of penicillin per ml, and 100 p,g of streptomycin 
per ml. Transient transfection of 2 X 10* cells with CMV.mTNF-a or other 
constructs in calcium-phosphate precipitates was performed as described previ- 
ously (23, 24), except that the transfection mixture was allowed to stay on the 
cells for 16 to 20 h and the glycerol shock step was omitted. In some experiments, 
pXGHS (Nichols Institute Diagnostics) was also cotransfected to monitor trans- 
fection efficiency. Assays of released HGH were performed as described previ- 
ously (23, 24). 

Twenty-four hours after the removal of the transfection mixture, total cellular 
RNA was harvested from the HEK 293 cells by using the RNeasy system (Qia- 
gen, Valencia, Calif.). Northern blots were prepared as described elsewhere (22). 
Blots were hybridized to a randomly primed, a-^^P-labeled mTTP cDNA (22) or 
a — l-kbMirlrB'g/II fragment of mTNF-a cDNA. Some blots were also hybridized 
to an a-^^P-Iabeled glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
cDNA probe (7) or a ~0.3-kb fragment of mouse cyclophilin cDNA (bp 166 to 
480; GenBank accession no. X52803). 

RNase H assays were performed by annealing RNA and oligonucleotide in 10 
jjil of 50 mM KCl for 5 min at 50°C followed by an additional 10 min at 22^. The 
mixmre was incubated further at 37*C for 30 min in a buffer (4 mM HEPES- 
KOH [pH 8], 50 mM KCl, 2 mM MgClj, 0.2 mM dithiothreitol, ^d 1 jig of 
bovine serum albumin per ml) containing 0.8 U of RNase H (Promega, Madison, 
Wis.), in a final volume of 25 |jJ. The reaction mixture was then precipitated with 
sodium acetate and ethanol, and the resuhing RNA was subjected to Northern 
blot analysis. 

Cytosolic extracts were prepared from HEK 293 cells 24 h after the removal of 
the transfection mixture. The cells were incubated on ice for 20 min m a buffer 
consisting of 10 mM HEPES (pH 7.6), 3 mM MgClz, 40 mM KQ, 5% (voWol) 
glycerol, 0.5% (vol/vol) Nonidet P-40, 2 mM dithiothreitol, 0.5 mM phenylmeth- 
ylsulfonyl fluoride, and 8 fig of leupeptin per ml (lysis buffer). Lysis of the cells 
and maintenance of intact nuclei were carefully monitored by microscopy. The 
nuclei and cell membrane debris were removed by centrifugation at 16,000 X g 
at 4°C for 15 min. Glycerol was added to the supernatant (cytosolic extract) to 
20% (voWol), and the resulting extract was stored at — 70''C. 

Analysis of RNA-protein complexes by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SOS-PAGE), electrophoretic mobility shift assay, and im- 
munoprecipitation. (i) Preparation of RNA probes. Plasmid p3' mTNF-a con- 
taining the mTNF-a 3' UTR (bp 1110 to 1627 of GenBank accession no. 
X02611) was constructed by reverse transcription -PGR with RNA from RAW 
264.7 cells treated for 4 h with 1 fig of LPS (Sigma, St. Louis, Mo.) per ml as a 
template for reverse transcription. The 5' primer for PCR amplification was 
5'CTTTCCgaattcACTGGAGCCTC3', and the 3' primer was 5'TAGAtctagaA 
GCGATCrTTATTTCrCTC3', where the lowercase letters indicate the restric- 
tion sites for EcoKl and Xbal, respectively. The resulting PCR product was 
digested with these enzymes and cloned into the £co RI and Xbal sites of the 
vector pSK- (Stratagene). 

Plasmid pTNF-a 1197-1350, which contained a 153-bp fragment contaming 
the ARE of mTNF-a 3' UTR (bp 1197 to 1350 of GenBank accession no. 
X02611), was made by PCR with plasmid p3'mTNF-o£ as a template, with a 5' 
primer, 5'GATAagatctCAGGCCTTCC3', and a 3' primer. 5'GCCrtctagaTAA 
ATACATTCATAAGC3'. The resulting PCR product was digested with Bgtll 
and Xbal (sites indicated by lowercase letters in the primers) and cloned into the 
5am HI and Xbal sites of the vector pSK— . 

Plasmid pTNF-a 1197-1300 (bp 1197 to 1300 of GenBank accession no. 
X0261 1). containing only one AUUUA motif, was made with the TNF-a 3' UTR 
as template, with the M13-20 primer as the 5' primer, and a 3' primer, 5'CTG 
AtctagaAGTGCAAATATAAATAGAGG3'. The resulting PCR product was 
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digested with EcoRV and Xbal (site indicated by lowercase letters in the 3' 
primer) and cloned into the corresponding sites of the vector pSK-. 

Plasmid pTNF-a 1281-1350 (bp 1281 to 1350 of GcnBank accession no. 
X0261 1) contained seven AUUUA motifs, five of tiiem being overlapping UUA 
UUUAUU nanomers. This was constructed by using tlie TNF-a 3' UTR as 
template, witli a5' primer, 5'GACTggatccTCTAnTATAmrGCAC3', Lmd the 
M13 reverse primer as the 3' primer. The resulting PGR product was digested 
with BamHI (site indicated by lowercase letters m the 5' primer) and Xbal and 
cloned into the corresponding sites of the vector pSK-. 

Plasmid pTNF-a 1309-1332 (bp 1309 to 1332 of GenBank accession no. 
X02611), containing four overlapping UUAUUUAUU nanomers, was con- 
structed by inserting double-stranded oligonucleotides spanning bp 1309 to 1332 
into the EcoKV-Xbal clonmg sites of pSK-. Plasmid pTNF-a 1309-1332 (A/G), 
containing the same sequence except that the five A's in the AUUUA motifs 
were replaced with G's (see Fig. 1), was made by the same technique. 

Plasraid pTNF-a 1110-1325 (bp 1110 to 1325 of GenBank accession no. 
X02611) was made by inserting the EcoRl-Xbal fragment of the mTNF-a clone 
from B. Beutler into the corresponding sites of pSK-. This 248-base fragment 
contained five AUUUA motifs, three of them being clustered nanomers. There 
were 33 adenylate residues at its 3' end. 

Correct sequences of all plasmid inserts were confirmed by dideoxy sequenc- 
ing. 

To label RNA transcripts with [a-^^PjUTP (800 Ci/mmol), the above plasmids 
linearized with Xbal were used as templates, and the Promega riboprobe in vitro 
transcription system protocol was employed. The resulting product was precip- 
itated with ammonium acetate and ethanol. 

(ii) Cross-linking of proteins to RNA. CytosoHc extracts prepared from HEK 
293 cells transfected with CMV.hTTP.tag or vector (20 |xg of protein) were 
incubated with 2 X 10* cpm of RNA probe in a 96-well plate at room temper- 
ature for 20 min in 20 fj-1 of Ijrsis buffer (without protease inhibitors). Heparin and 
yeast tRNA were added to final concentrations of 0.5 M-g/jiI and 50 ng/jil, 
respectively, for an additional 10 min. The 96-well plate was then placed on ice 
and irradiated with 254-nm UV light in a Stratalinker (Stratagene) for 30 min at 
a distance of 5 cm from the light source. RNA not associated with protein was 
digested with 100 U of RNase T^ (Life Technologies, Inc.) for 20 rain at room 
temperature and further digested with 1 jig of RNase A (Pharmacia Biotech, 
Piscataway, N.J.) per (iI at 37°C for 15 min. The RNase-resistant RNA-protein 
complexes were analyzed by SDS-PAGE (10% acrylamide gel) followed by 
autoradiography. 

Identical samples were diluted to 0.5 ml in radioimmunoprecipitation assay 
buffer, precleared with nonimmune rabbit serum (1:100 dilution; 1 h at 4^) and 
protein A-Sepharose (Pharmacia Biotech) (1 h at 4''C), and then incubated 
overnight at 4"C in the presence of either nonimmune serum (1:100) or a 1:100 
dilution of a polyclonal antiserum. Immune complexes were recovered by cen- 
trifugation after the addition of protein A>Sepharose, washed three times with 
wash buffer (50 mM Tris-HO (pH .8.3], 150 mM NaCl, 1 mM EDTA, 0.5% 
[vol/vol] Nonidet P-40), resuspended in 100 fxl of SDS sample buffer, and sub- 
jected to SDS-PAGE on 10% acrylamide gels and autoradiography. 

(lii) Western blotting. Cell extracts (5 to 50 of protein) were mixed with a 
1/5 volume of 5x SDS sample buffer (2), boiled for 5 rain, and then loaded onto 
SDS-10% PAGE gels. Western blotting was performed by standard techniques. 
Membranes were incubated in Tris-buffered saline-0.5% Tween 20 with either 
polyclonal antiserum HA.11 (1:2,500); a rabbit antiserum to mTTP, 2640 (1:100 
[38]); or a rabbit antiserum to hTTP, DU88 (1:100 [32]). Incubation of the 
membranes with secondary antibody and development were performed as de- 
scribed elsewhere (6). 

(iv) RNA electrophoretic mobility shift assay. Cytosolic extracts prepared 
from HEK 293 cells transfected with either vector alone, H6E.HGH3', or ex- 
pression constructs driven by the CMV promoter (10 ^Lg of protein) were incu- 
bated with 10^ cpm of RNA probe at room temperature for 20 min in 20 |xl of 
lysis buffer (without protease inhibitors). Heparin and yeast tRNA were added to 
final concentrations of 0.5 ixg/pJ and 50 ng/|xl, respectively, for an additional 10 
min. RNA not associated with protein was digested with 100 U of RNase T^ for 
20 min at room temperature; the reaction mixture was then loaded onto a 6% 
nondenaturing acrylamide gel and subjected to electrophoresis at 250 V for 90 
min, in 0.4x Tris-borate-EDTA buffer. 

Green flaorescent protein (GFP) assays. Cells were plated onto 100-mra- 
diameter dishes and transfected with hTTP-EGFP fusion constructs as described 
above. Twenty four hours after the removal of the transfection mixture, the cells 
were transferred into four-well Titertek slides (Fisher Scientific, Pittsburgh, Pa.) 
and incubated at 37'C overnight. The cells were washed once in phosphate- 
buffered saline, fixed with 3.7% (voWol) formaldehyde for 5 min, and washed 
again with phosphate-buffered saline. Glass coverslips were mounted with 
Vectashield fluorescent mountiog medhim (Vector Laboratories, Burhngame, 
Calit) and sealed with nail polish. Fluorescence microscopy was performed with 
a Zeiss confocal microscope model LSM 410 UV (Oul Zeiss, Inc., Thomwood, 
N.Y.). Images were collected under 488*nm excitation with a 515- to 565-nm 
emission filter and a 100 X 1.4 numerical aperture oil immersion lens. Photo- 
graphs were taken with a 16.1-s scan. 
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FIG. 1. UV cross-linking of hTTP to TNF-a mRNA ARE probes. Cytosolic 
extracts were prepared from 293 cells transfected with 5 of either CMV 
.hTTP .tag or vector alone as described in Materials and Methods. Extract (20 ng 
of protein) was incubated with the indicated •'■^P-labeled TNF-a RNA probes 
(2 X 10^ cpm). The numbers at the top of each set refer to the base numbers in 
the mTNF-a mRNA. as shown at the bottom of the figure. Probe 1110-1325 
contained approximately 35% U residues, probe 1197-1300 contained 40% U 
residues, and probe 1281-1350 contained 62% U residues. Heparin and yeast 
tRNA were then added to decrease nonspecific binding. After UV cross-linking 
of the probes to cellular proteins, RNases and A were added to digest probe 
not cross-linked to protein. The RNase-resistant RNA-protein complexes were 
resolved by SDS-10% PAGE followed by autoradiography. Lanes 1 , probe alone 
(5,000 cpm); lanes 2, probe (2 x 10* cpm) treated with RNases Ti and A; lanes 
3, extract (20 fig of protein) from 293 cells transfected with vector alone (5 yig of 
DNA); lanes 4, extract (20 p-g of protein) from 293 cells transfected with 
CMV.hTTP.tag (5 jjtg). The position of TTP cross-linked to ^^P-labeled RNA is 
indicated by the arrow. The positions of protein molecular weight standards are 
indicated on the left. Shown at the bottom is a portion of the mTNF-a mRNA 
3' UTR (GenBank accession no. X02611), from which the probes were derived. 
The five AU-rich nanomers are underlined. The five flanking A's within the ARE 
that were mutated to form a nonbinding probe are indicated in boldface. 



RESULTS 

Effect of TTP on TNF-a mRNA species. In most of the 
e}^ression studies in 293 cells described below, we used a 
TNF-a expression construct, CMV.mTNFa, that did not con- 
tain the entire native 3' UTR; instead, the TNF-a sequence 
ended in the middle of the fourth AUUUA motif within the 
ARE (bp 1325 of GenBank accession no. X0261I) (Fig. 1) and 
was immediately followed by 33 adenylate residues encoded by 
the vector. To test whether this shortened ARE exhibited TTP 
binding activity, we compared TTP binding to a 3 '-truncated 
RNA probe, comprising bases 1110 to 1325 of GenBank ac- 
cession no. X02611, to its binding to a nontruncated probe, 
comprising bases 1281 to 1350. This nontruncated probe con- 
tained the seven natural AUUUA motifs, five of them in clus- 
tered nanomers (Fig. 1). We recently demonstrated that TTP 
could bind directly to probe 1197-1350 probe (7). UV cross- 
linking of these probes to proteins in extracts from CMV 
.hi IP.tag- transfected cells indicated that TTP bound to the 
truncated probe 1110-1325 almost as well as to the probe 
containing all of the native AUUUA motifs (probe 1281-1350) 
(Fig. 1). A probe spanning bases 1197 to 1300, which contained 
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FIG. 2. Effect of TTP on TNF-a mRNA stability. CMV.mTNF-a was co- 
transfected into 293 ceils with either TTP expression constructs or vector alone. 
After addition of actinomycin D to a final concentration of 10 jig/mJ (+ ActD) or 
buffer alone (-ActD) for 4 h, total cellular RNA was harvested. Each lane was 
loaded with 10 (ig of total RNA. Electrophoresis and Northern blot hybridization 
were performed as described in Materials and Methods. Lane 0, RNA from 
mock-transfected 293 cells. Lanes 1 to 8, RNA from 293 cells cotransfected with 
CMV.mTNF-a (1 fjig) and vector or CMV.hTTP.tag as follows: lanes 1, vector 
alone (BS+; 5 (ig/plate); lanes 2 to 8, CMV.hTTP.tag (0.005, 0.01, 0.05, 0.1, 0.5, 
1, and 5 |xg/plate, respectively). Vector was also added in lanes 2 to 7 to make the 
total amount of cotransfected plasmids 5 jtg/plate. The Northern blots were 
probed with either a '^P-labeled mTNF-a cDNA or a '^P-Iabeled mTTP cDNA. 
The two arrows indicate the two species of TNF-a mRNA discussed in the text. 
The position of transfected -cell -expressed TTP mRNA is indicated by an arrow. 
Film ejqjosure was 7 h for the filters hybridized with mTNF-a and TTP cDNAs, 
as indicated; portions of the same blot probed with the TTP cDNA were also 
exposed to film for 18 h to show the expression of TTP mRNA in 293 cells 
transfected with low concentrations of CMVJiTTP.tag. The positions of the 18S 
rRNA are indicated. TTie blot hybridized with the mTNF-a cDNA was stripped 
and repTobed with a GAPDH cDNA probe; the filter was then exposed to film 
for 8 h and is shown at the bottom to demonstrate equivalent loading. 



only one AUUUA motif, exhibited barely detectable TTP 
binding activity under these conditions (Fig. 1). 

We therefore used CMV.mTNF-a in the cell expression 
studies described below, given the ability of TTP to bind to its 
mRNA ARE. The HEK 293 cells used in these studies nor- 
mally do not express either TTP or TNF-a (Fig. 2, lane 0 or 
"Mock"), making these widely used cells a suitable intact cell 
system in which to study the interaction of TNF-a mRNAs 
with transfected-cell-expressed TTP. In addition, the expres- 
sion of the truncated form of TNF-a mRNA in these cells 
made possible for the first time the detection of a processing 
(probably deadenylated; see below) intermediate; this interme- 
diate was not detectable when the native, full-length TNF-a 
mRNA was expressed (data not shown). 

Both TTP and TNF-a mRNAs were readily detected when 
the cells were transfected with either TTP or TNF-a expres- 
sion plasmids (Fig. 2). The left side of Fig. 2 demonstrates the 
complex relationship that was found between the concentra- 
tion of transfected CMV.hTTP.tag DNA and the resulting 
TNF-a mRNA accumulation in the absence of actinomycin D 
treatment. At low concentrations of transfected DNA (5 and 
10 ng per plate [lanes 2 and 3 of Fig. 2, left]), TNF-a mRNA 
accumulation was ~20% of that of control, as determined by 
scanning densitometry of the Northern blot. This decrease in 
mRNA amount was accompanied by the appearance of a 
smaller species of mRNA, which first became apparent at 5 to 
10 ng of DNA (Fig. 2, lanes 2 and 3, left) but was more obvious 
at 50 ng (Fig. 2, lane 4, left). As described below, we believe 



5.- 



& 

P 2 

I 

I' 




HgTTP 
^TNFa 

GAPDH 



0.04 0.06 
CMV.hTTP.tag DNA (ng) 



0.1 



FIG. 3. Effect of low amounts of transfected CMV.hTTP.tag on the accumu- 
lation of TNF-a mRNA 293 cells were cotransfected with CMV.mTNF-a and 
pXGH5 (1 fig each per plate) and either vector alone (5 jxg/plate) or CMV 
.hXTP.tag (0.01, 0.05, and 0.1 jig/pIate). Vector was also added to make the total 
amount of cotransfected plasmids 5 jig/plate. One day after replacement of the 
transfection medium, the medium was collected from each plate for the assay of 
released HGH. Total cellular RNA was then harvested. Each lane of the gel was 
loaded with 10 jAg of total RNA. Electrophoresis and Northern blot hybridization 
were performed as described in Materials and Methods. The Northern blots were 
probed with either an mTNF-a cDNA probe or an mTTP cDNA probe and 
exposed to film. The blot that hybridized with the mTNF-a cDNA was stripped 
and reprobed with a GAPDH cDNA probe. The film showing the expressed 
mTNF-a mRNA was scanned with a laser scanning densitometer, and the results 
were normalized to HGH expression as well as to the Phosphorlmager value for 
GAPDH mRNA. The graph shows the average results (± standard errors) from 
four such experiments; the inset shows the Northern blots from a representative 
experiment. The two species of TNF-a mRNA discussed in the text are indicated 
with two arrows; the positions of TTP mRNA and GAPDH mRNA are also 
indicated by arrows. 



this lower band to be the deadenylated form of the TNF-a 
mRNA. Beginning at 50 ng of DNA (Fig. 2, lane 4, left) 
through all higher concentrations used (Fig. 2, lanes 5 to 8, 
left), essentially all TNF-a mRNA was in this smaller form. 
However, the total amount of TNF-a mRNA accumulation 
increased substantially at higher concentrations of DNA (see 
below) to reach a maximum of 214% of that of control at 500 
ng (lane 6, left; n = 4 experiments). It remained high at 1 |xg 
(lane 7, left; 200% of that of control; n = 5 experiments) 
before decreasing to 51% of that of control (lane 8, left; n = 5) 
at 5 |xg. A similar but right-shifted dose-response relationship 
was present with the genomic TTP construct H6E.HGH3', 
which uses the weaker native TTP promoter rather than the 
CMV promoter; in this case, 2 |xg of DNA decreased total 
TNF-a mRNA accumulation to 16% of that of control (n = 3); 
higher concentrations (5 and 10 |xg) resulted in continued 
expression of the smaller species in greater amounts. 

The predominance of the smaller band and the almost com- 
plete absence of the larger band could be seen more readily 
after actinomydii D exposure (right side of Fig. 2), presumably 
because the larger band represented recently synthesized 
TNF-a mRNA that was more likely to be full length. In this 
case, 5 and 10 ng of CMV.hTTP.tag DNA resulted in less than 
10% of control TNF-a mRNA expression (Fig. 2, lanes 2 and 
3, right). 

Because of the peculiar nature of this dose response, we 
performed four identical experiments with low concentrations 
of CMV.hTTP.tag, in which all samples were corrected for 
transfection efl&ciency with HGH e3qpression and were cor- 
rected for loading by Northern blot analysis of GAPDH 
mRNA and Phosphorlmager analysis (Fig. 3). An example of 
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FIG. 4. Effect of TTP expression on the eiq^ression of TNF-a constructs 
containing or lacking the ARE. CMV.mTNF-a (1 jig/plate) or CMV.mTNF-a 
(dARE) (1 M-g/pJate) was cotransfected into 293 cells with either vector alone 
(BS+, 5 Jig/plate), H6E.HGH3' (5 or 10 jig/plate), or CMV.hTTP.tag (0.01, 0.1, 
or 1 fjLg/plate). Vector was also added to make the total amount of cotransfected 
plasmids 5 jig/plate. Preparation of total cellular RNA, electrophoresis, and 
Northern blot analysis were performed as described in Materials and Methods. 
Each lane was loaded with 10 (xg of total RNA The Northern blots were probed 
with an mTNF-a cDNA, together with probes for cyclophilin (Cyclo) or mTTP 
as indicated. On the left, the arrows indicate the two species of mTNF-a mRNA 
formed in the presence of TTP; on the right, the arrow indicates the single band 
of mTNF-a mRNA expressed from the plasmid lacking the ARE. TTP mRNA 
expressed from the cotransfected plasmid and the endogenous cyclophilin 
mRNA are also indicated by arrows. 



one such experiment is shown in the inset in Fig. 3, and the 
mean values ± standard errors from the four experiments are 
indicated in Fig. 3. Compared to the vector-alone control, 
there was a decrease in total hybridizing TNF-a mRNA by 
83% (to 17% of that of control) at 0.01 jxg of CMV.hTTP.tag. 
This mean value increased to 173% of that of control at 0.05 
p,g and to 300% of that of control at 0.1 jxg of DNA. As shown 
in the inset and in Fig. 2, most of the hybridizing TNF-a 
mRNA seen at the higher concentration of transfected 
CMV.hTTP.tag was in the smaller form. 

To determine whether transcription of CMV .TNF-a was 
affected by the TTP expression plasmids, various amounts of 
either H6E.HGH3' or CMV.hTTP.tag were cotransfected into 
293 cells with CMV.mTNF-a or CMV.mTNF-a (dARE), In 
the latter construct, which was otherwise identical to 
CMV.mTNF-a, 24 bp of the ARE was deleted (bp 1302 to 
1325 of mTNF-a cDNA [Fig. 1]), resulting in a disrupted ARE 
that was incapable of binding TTP (see below). In this case, 
despite equivalent coejq)ression of TTP, the TNF-a mRNA 
expressed from the CMV.mTNF-a construct containing the 
normal ARE was shortened in the normal way by the coex- 
pressed TTP (Fig. 4, left), while expression of the mutated 
CMV.mTNF-a construct was unaffected either in apparent 
size or in total accumulation by any concentration of cotrans- 
fected H6E.HGH3' and was minimally affected by CMV.hT- 
TP.tag (Fig. 4, right). Quantitation of these result by Phospho- 
rlmager analysis and normalization for loading by cyclophilin 
mRNA showed that H6E.HGH3' at 5 and 10 \ig resulted in 
TNF-a (dARE) expression that was 105 and 98%, respectively, 
of that of the vector-alone cotransfected control, whereas CM- 
V.hTTP.tag at 0.01, 0.1, and 1 jxg resulted in TNF-a (dARE) 



expression that was 110, 97, and 73% of that of control, re- 
spectively. These experiments indicate that the effect of TTP in 
decreasing TNF-a mRNA accumulation at low concentrations 
of CMV.hlTP.tag (i.e., 5 and 10 ng) was unlikely to be due to 
nonspecific squelching of transcription (7, 34), although this 
may have contributed to the modest decrease in TNF-a 
mRNA expression seen with larger (5 fjig) amounts of CM- 
V.hTTP.tag. 

Evidence that TTP promoted deadenylation of TNF-a 
mRNA. The effect of TTP expression in causing shortening Of 
the TNF-a mRNA suggested that TTP was promoting dead- 
enylation of the TNF-a mRNA poly(A) tail To evaluate this 
possibility, oligo(dT)i2-i8 (PI) was added to total cellular 
RNA, and RNase H was used to remove the poly(A) tail (31). 
When this technique was used on RNA samples from cells 
cotransfected with CMV.mTNF-a and either vector alone or 
TTP expression constructs (H6E.HGH3' in Fig. 5A and 
CMV.hTTP.tag in Fig. 5B and C), only the smaller of the two 
TNF-a mRNA species remained (Fig. 5A and B; PI, lanes 1 
and 2). The smaller of the two mRNA species seen in the cells 
transfected with TTP constructs did not further decrease in 
size with the RNase treatment; this fact, and its identity in size 
to the deadenylated TNF-a mRNA from the control cells, 
indicated that the smaller form of the TNF-a mRNA was 
deadenylated mRNA. 

We also performed an RNase H experiment that used an 
oligonucleotide complementary to bp 506 to 528 of TNF-a 
mRNA (GenBank accession no. X02611; P2). The predicted 
sizes of the mRNA fragments from the resulting mRNA cleav- 
age were -400 bp (5' portion) and --810 bp (3' portion) (Fig. 
5A, P2, lanes 1 and 2; Fig. 5B and C, P2, lanes 3 and 4). When 
RNA from 293 cells expressing both TNF-a and TTP was 
analyzed after cleavage, most of the 3' TNF-a mRNA frag- 
ment was in the form of the deadenylated smaller species, 
compared to RNA harvested from cells expressing TNF-a and 
vector alone (Fig. 5). When both oligonucleotides were added 
together (Fig. 5C, PI + P2), the 3' fragment of the TNF-a 
mRNA was of identical size in samples from control (lane 3) 
and TTP (lane 4)-expressing cells. The size of the ~400-bp 5' 
fragment was unaffected by TTP expression (Fig. 5). These 
data confirmed that TTP promoted deadenylation of the 
TNF-a mRNA. 

Evidence for a precursor-product relationship between the 
upper and lower forms of TNF-a mRNA. In order to demon- 
strate that the larger, presumably polyadenylated form of 
TNF-a mRNA could be converted to the smaller, deadeny- 
lated form by the presence of TTP, we analyzed the patterns of 
TNF-a mRNA expression in cells cotransfected with small 
amounts of TTP expression constructs, before and after 4 h of 
exposure to actinomycin D (10 jig/ml). As shown in the cells 
transfected with vector alone (BS+, 10 |xg; BS+, 5 |xg), there 
was no conversion of the larger form of TNF-a mRNA to a 
stable, smaller form in the absence of TTP, although the total 
amount of full-length mRNA decreased modestly after 4 h of 
actinomycin D e3q)osure (Fig. 6A). However, in the presence of 
TTP (10 fig of H6E.HGH3' or 0.05 to 0.5 jjig of CMV 
.hTTP.tag), actinomycin D exposure clearly led to the disap- 
pearance of the larger band, so that only the smaller band 
remained (Fig. 6A). Two additional experiments also exam- 
ined intermediate time points. Figure 6B shows the time 
course of disappearance of the upper band in the presence of 
TTP (10 M-g of H6E.HGH3' transfected) after 0, 2, and 3 h of 
actinomycin D treatment. Figure 6C shows a longer time 
course after expression of CMV.hTTP.tag (0.1 |xg) with 0, 4, 
and 8 h of actinomycin D treatment. In both cases, the expres- 
sion of TTP resulted in both forms of TNF-a mRNA; the 
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FIG. 5. Evidence that the smaller species of TNF-a raRNA formed in the 
presence of TTP is a deadenylated intermediate. 293 cells were cotransfected 
with CMV.mTNF-a (1 (xg/plate) and either vector alone or TTP expression 
constructs as follows: lanes 1, vector alone (10 jxg/platc); lanes 2, H6E.HGH3' 
(10 M-g/plate); lanes 3, vector alone (5 jig/pIate); lanes 4, CMV.hTTP.tag (5 
fig/plate). As indicated, the RNA samples were treated with 0.8 U of RNase H 
or not treated (-) as described in Materials and Methods. In panels A and B, 5 
p,g of RNA was loaded into each lane; in panel C, 3 |jLg of RNA was loaded into 
each lane when no RNase H (-) was used. PI, oligonucleotide poly(dT)i2-i8 (0-5 
jjig) was added to 10 jig of 293 cell RNA P2, an oligonucleotide (0.6 jxg) 
complementaiy to bases 506 to 528 of the TNF-a mRNA was added to 10 jig of 
293 cell RNA. PI + P2, both oligonucleotides were added to 15 ^tg of 293 cell 
RNA (C). The Northern blots were probed with an mTNF-a cDNA. The posi- 
tion of the 18S rRNA is indicated. The two pairs of arrows in each panel indicate 
TNF-a mRNA species that contained (top arrow of each pair) or did not contain 
(bottom arrow of each pair) their poly(A) tails. The top pair of arrows in each 
panel points to full-length and deadenylated TNF-a mRNA; the bottom pair of 
arrows in each panel (3') points to the 810-bp 3' fragment of TNF-a mRNA and 
its deadenj^ated form in lanes P2-2 and P2-4. The single arrow at the bottom (5') 
indicates the ~400-bp 5' fragment of TNF-a mRNA which is the same size in 
control and in TTP-e]q}ressing cells. 



upper form then gradually disappeared after actinomycin D 
treatment. 

Evidence that the AR£-binding protein in 293 and macro- 
phage extracts is TTP. We next examined TNF-a ARE-bind- 
ing activity in cytosolic extracts from bone marrow-derived 
macrophages from wild-type and TTP"''" mice that had been 
stimulated with LPS. After the cell extracts were UV cross- 
linked to the TNF-a ARE probe and treated with RNases, an 
RNase-resistant RNA-protein complex was immunoprecipi- 
tated by an antr-TTP antibody but not by preimmune serum 
(Fig. 7). The macrophage TTP that was immunoprecipitated 
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from the LPS-lreated TTP'^''"*' cells, but not from untreated 
nV^^' cells or from the treated or untreated TfP"^" cells, 
appeared as a smear with an average size of ~ 50 kDa, com- 
pared to the apparent 40 to 44 kDa of mTTP expressed from 
CMV.mTTP in 293 ceils (Fig. 7). In our earlier studies, ITP 
migrated as a smear or multiple bands of —35 to —55 kDa (7, 
44^ 45). The difference in apparent molecular masses seen in 
the present experiment may have been due to differences in 
posttranslationai modification of the TTP protein, since, for 
example, its apparent molecular mass is known to increase 
after mitogen-stimulated phosphorylation (44). Despite these 
differences in apparent Af^, the identity of the immunoprecipi- 
tated protein as TTP cross-linked to ^^P-labeled TNF-cx ARE 
was confirmed by the facts that the complex was precipitated 
from 293 cells that were transfected with TTP-expressing plas- 
mids but not from cells transfected with vector alone, it was 
precipitated from 293 cells by three different antibodies includ- 
ing an antibody to the epitope tag (7), and it was specifically 
immunoprecipitated from LPS-stimulated wild-type macro- 
phages but not from unstimulated wild-type cells or from stim- 
ulated or unstimulated TTP-deficient cells. 

These results indicate that the endogenous TTP formed 
after LPS treatment of normal macrophages can also bind to 
the TNF-a ARE and support the previously documented con- 
nection between the expression of TTP and the more rapid 
decay of TNF-a mRNA in macrophages (7). 

Involvement of the TTP zinc fingers in the binding of TTP to 
the ARE of TNF-a mRNA We next evaluated the possible 
involvement of each of the two CCCH zinc fingers in the 
ARE-binding activity of TTP, by using the TNF-a probe 1197- 
1350 (Fig. 1). When cell extracts prepared from 293 cells that 
had been transfected with vector alone were used in UV cross- 
linking experiments, a major radioactive band of ---80,000 in 
and several minor species were noted (Fig. 8A, lane 1). When 
cell extracts prepared from 293 cells that had been transfected 
with hTTP expression constructs were used in UV cross-linking 
experiments, the extracts from cells transfected with either the 
wild-type CMV.hTTP.tag (lane 3) or the S228A mutant (a 
point mutation at a MAP kinase phosphorylation site in the 
protein [44]) (lane 6) formed readily detectable RNase-resis- 
tant RNA-protein complexes of —43,000 in with the ^^P- 
labeled TNF-a RNA probe, while simultaneously decreasing 
binding of the ARE probe to the endogenous cellular 
SO,OQQ'M^ protein. However, extracts from cells transfected 
with 10 jjLg of H6E.HGH3' (hTTP driven by its native pro- 
moter and intron) (lane 2), with the C124R mutation in the 
CMV.hTTP.tag construct (the third C in the first zinc finger 
mutated to an R; lane 4), or the C147R mutation in CMV 
.hTTP- tag (the first C in the second zinc finger mutated to an 
R; lane 5) exhibited no detectable ARE-binding activity. This 
indicates that single cysteine-to-arginine mutations in each of 
the TTP zinc fingers completely prevented TTP binding to the 
TNF-a ARE. 

When the same UV cross-linked, RNase-treated extracts 
from cells transfected with CMV.hTTP.tag (lanes 3) or 
H6E.HGH3' (lanes 2) were immunoprecipitated with a poly- 
clonal antibody to hTTP (DU88), or with a polyclonal antibody 
to mTTP (2640), an RNA-protein complex of 40,000 to 50,000 
in Mr was precipitated (Fig. 8B). This indicates that the failure 
to see binding of TTP to the TNF-a ARE probe in crude 
extracts from H6E.HGH3 '-transfected cells (Fig. 8A, lane 2) 
was simply due to much lower expression of the construct 
relative to the CMV construct. Neither antibody immunopre- 
cipitated complexes from cells transfected with vector alone 
(lanes 1), 

When the same UV cross-linked, RNase-treated extracts 
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were immunoprecipitated with a polyclonal antibody to the 
epitope tag on TTP, the same RNA-protein complexes were 
precipitated from cells transfected with either the wild-type 
CMV.hTTP.tag (lane 3) or the S228A mutant (lane 6), but 
only barely detectable complexes were seen in extracts from 
the cells transfected with either of the two zinc finger mutants 
in the CMV.hTTP.tag construct (lanes 4 and 5). Note in both 
Fig. 8B and C the appearance of an immunoprecipitated com- 
plex of --100,000 in M^; this is clearly recognized by both 
antibodies to TTP and to the epitope tag and most likely 
represents either TTP dimers or TTP complexed to a second 
protein of similar size as well as to the TNF-a ARE probe. 

To determine whether the mutant constructs used in these 
experiments expressed amounts of TTP protein that were 
equivalent to those expressed by the wild-type constructs, ex- 
tracts prepared from 293 cells transfected with equivalent 
amounts of vector alone (lane 1) or either wild- type (lane 3) or 
mutant plasmids (lanes 4 to 6, 5 jxg of each) were subjected to 
Western blotting (Fig. SD). Comparable amounts of fusion 
proteins were expressed from all four constructs, as recognized 
by the antibody to the epitope tag HA. 11. An immunoreactive 
protein of —100,000 in Mj. was also seen by this technique, 
indicating that the integrity of the two zinc fingers in TTP is not 
required for the formation of these higher-M^ complexes, 
whether they are TTP dimers or TTP bound to another pro- 
tein. 

To further demonstrate that the binding of TTP to the 
TNF-a ARE was specific, we made a mutant probe of pTNF-a 
1309-1332 in which five of the flanking A's in the AUUUA 
motif of the ARE sequence were mutated to G's (Fig. 1). 
When this radiolabeled mutant probe was UV cross-linked to 
the extract from CMV.hTTP.tag-transfected 293 cells, there 
was no detectable formation of the TTP complex, while the 
amount of the ~80,000-Afr complex was decreased but not 
eliminated (data not shown). In contrast, the wild-type probe 
1309-1332 could be readily cross-linked to TTP (not shown). 
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FIG. 6. Eflfect of TTP on the formation of the two species of TNF-a mRNA 
in the presence and absence of actinomycin D. CMV.mTNF-a (1 fig/plate) was 
cotransfected into 293 cells with either TTP expression constructs, as indicated, 
or vector alone (BS+). After addition of buffer alone (-) or actinomycin D 
(ActD) to a final concentration of 10 jxg/ml (+), total cellular RNA was har- 
vested. Each lane was loaded with 10 iig of total RNA. Electrophoresis and 
Northern Wot hybridization were performed as described in Materids and Meth- 
ods. (A) (l^ft) TNF-a and GAPDH mRNA from mock-transfected 293 cells or 
from cells cotransfected with CMV.mTNF-a and vector alone (10 jig/plate) or 
CMV.mTNF-a with TTP expression construct H6E.HGH3' (10 jtg/plate). 
(Right) TNF-a and GAPDH mRNA from 293 cells cotransfected with 
CMV.mTNF-a and vector alone (5 jxg/plate) or CMV,mTNF-a with CMV.hT- 
TP.tag (0.05, 0.1, and 0.5 (Ji^plate). Vector was also added to make the total 
amount of cotransfected plasmids 5 M-g/plate, Actinomycin D (+) was added for 
4 h as indicated. The two arrows labeled TNF-a indicate tlie two species of 
TNF-a mRNA formed in the presence of TTP. (B) H6E.HGH3' (T) (10 jxg/ 
plate) or an equivalent amount of vector (V) was used in the cotransfection, and 
actinomycin D (10 M-g/ral) was added for 0, 2, and 3 h as indicated. (C) CM- 
V.hTTP.tag (T) (0.1 p-g/plate) or an equivalent amount of vector (V) was used, 
and actinomycin D (10 |xg/ml) was added for 0, 4, and 8 h as indicated. The two 
arrows indicate the two forms of TNF-a mRNA in panels B and C 



Electrophoretic mobility shift assays. The specificity of TTP 
binding to the TNF-a ARE was also analyzed by electro- 
phoretic mobihty shift assays with TNF-a 3' UTR probes. 
Incubation of probe 1197-1350 (containing the seven AUUUA 
motifs and some sequence 5' to them [Fig. 1]) with a cytosolic 
extract prepared from 293 cells transfected with vector alone 
resulted in three major RNA-protein complexes, labeled I, II, 
and III (Fig, 9A, lane 1). When extracts from cells transfected 
with hTTP expression constructs were used, there were 
changes in the mobility of RNA-protein complexes I and II, 
while complex III disappeared (Fig. 9A, lanes 3, 2, and 6), In 
a separate experiment, the extract from control cells was incu- 
bated with probe 1197-1350, and RNA-protein complexes 
were separated in a mobility shift assay. After the gel was 
exposed to UV Hght, complexes I, II, and III were eluted and 
analyzed by SDS-PAGE. Complexes I and II corresponded to 
an ~80-kDa protein, and complex III corresponded to a —55- 
kDa protein (data not shown). In the mobility shift assays, the 
TTP-probe complex migrated in approximately the same po- 
sitions as did complexes I and II (as noted above for the UV 
cross-linking assays, the binding of TTP to the TNF-a mRNA 
ARE simultaneously decreased the binding of the ARE probe 
to the endogenous cellular ~80,000-Afr protein). The differ- 
ence in appearance between lanes 3 and 2 was probably due to 
the amounts of TTP protein expressed by the different expres- 
sion vectors. In lane 3, the extract was from 293 cells trans- 
fected with 10 M,g of H6E.GHG3', a construct that uses the 
weaker native promoter and produces the native TTP protein; 
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FIG. 7. UV cross-linking and immunoprecipitation of TTP-RNA complexes 
from 293 cells or TTP-"'-" or TTP'^^ macrophages. Cytosolic extracts from 293 
cells transfected either with CMV.mTTP (5 jxg) or with vector (BS) alone (5 pig) 
were prepared as described in Materials and Methods. Cytosolic extracts from 
TTP'^^'*" or TTP~^~ macrophages untreated (-) or treated with (+) 1 fxg of LPS 
per mi for 4 h were prepared as described elsewhere (7). Incubation of extracts 
(each sample contained 20 jig of protein from 293 cells or 40 |jig of macrophage 
protein) with the ^^P-labeled TNF-a probe (1281-1350), UV cross-linking, and 
RNase digestion were performed as described in Materials and Methods. The 
samples were then precleared with preimmune serum and divided into two 
portions, which were then incubated with preimmune serum (P), a polyclonal 
antibody to an mTTP-glutathione ^-transferase fusion protein (I), a polyclonal 
antibody raised against an amino-terminal peptide of mTTP (248), or a poly- 
clonal antibody to an hTTP-glutathione 5-transferase fusion protein (DU88). 
the immimoprecipitated complexes were resolved by SDS-PAGE (10% poly- 
acrylamide gel) and autoradiography. Film exposure was 8 h for the 293 cell gel 
and 6 days for the macrophage gel. The positions of radiolabeled transfected- 
cell-e^rcssed TTP (293 cells) and endogenous macrophage TTP are indicated 
by the arrows. The positions of protein molecular weight standards are indicated. 



in lanes 2 and 6, epitope-tagged TTP was expressed with the 
stronger CMV promoter. The same changes in protein-probe 
complex formation were seen when probes 1110-1325 (con- 
taining four AUUUA motifs [Fig. 1]), 1281-1350 (containing 
seven AUUUA motifs), and 1309-1332 (containing only four 
clustered UUAUUUAUU nanomers) were used in the same 
assay (data not shown). In order to demonstrate that the bind- 
ing of complexes I and II, and TTP, to the TNF-a ARE probes 
was specific, we also used a 54-nucIeotide region from the c-fos 
y UTR that has a 62% AU content without any AUUUA 
motifs (53) in the mobility shift assay. This 54-nucleotide probe 
did not form complexes I and II with cytosolic extracts pre- 
pared from 293 cells transfected with vector alone, nor did it 
form a binding complex with extracts from TTP-expressing 
cells (data not shown). 

When one of the cysteine residues in either the first or the 
second zinc finger was mutated in construct CMV.hTTP.tag, 
extracts prepared from 293 cells transfected with these mutants 
no longer changed the mobility pattern of complexes formed 
when probe 1197-1350 was used (Fig. 9A, lanes 4 and 5). 
Similar results were obtained when probe 1110-1325 or 1281- 
1350 was used (data not shown). 

To demonstrate that the mobility changes in complexes I 
and II were due to the binding of TTP to the TNF-a RNA 
probe, an antibody to the epitope tag of the TTP fusion protein 
was added to the mobihty shift assay (Fig. 9B). Although the 
antibody did not change the migration pattern of the RNA- 
protein complexes in extracts from control cells (lanes 1) or 
from cells transfected with the two TTP zinc finger mutants 
(lanes 4 and 5), it retarded the migration of complexes fori^ed 
in extracts from cells expressing either wild-type TTP (lanes 2) 
or its S228A mutant (lanes 6). This supershift of the binding 



complex provided additional confirmation that the protein that 
bound to the RNA was ITP. 

Importantly, the absence of TNF-a ARE-binding activity of 
the two ^ITP zinc finger mutants corresponded to their lack of 
effect on the conversion of TNF-a mRNA to the smaller spe- 
cies in 293 cells (Fig, 10). Normal amounts of the larger species 
of TNF-a mRNA were present when CMV.mTNF-a was co- 
transfected with either of the two TTP zinc finger mutant 
constructs, driven either by the CMV or by the native hTTP 
promoter (lanes 4, 5, 10, and 11). The MAP kinase phosphor- 
ylation site mutant S228A, which retained its abihty to bind to 
the TNF-a ARE, also behaved like native TTP in promoting 
the shift to the smaller species of TNF-a mRNA (lane 3) in 
intact 293 cells. 

These experiments demonstrated the importance of the in- 
tegrity of each of the zinc fingers in the binding of TTP to the 
TNF-a ARE, as well as in the apparent deadenylation of the 
TNF-a mRNA. These assays also indicated the importance of 
multiple cysteines in the zinc fingers, since mutating either the 
third C in the first finger or the first C in the second finger 
abolished 'ITP's RNA binding and cleavage-promoting activ- 
ity. 

TTP is largely nonnuclear in these experiments. We previ- 
ously demonstrated by differential centrifugation techniques 
that TTP was almost exclusively cytosohc in normal mouse 
macrophages (7) and in the macrophage cell line RAW 264.7 
(45), although it had previously been localized to the nucleus 
of both quiescent (11, 45) and serum-stimulated (11) fibro- 
blasts. For the present study, we constructed plasmids that 
ejqjressed human TTP as a fusion protein with a modified 
GFP, which normally is distributed throughout the cytoplasm 
and nucleus; this modified GFP localizes within the cell based 
on the peptides fused to it (12, 39). When 293 cells were 
transfected with EGFP-Nl (GFP alone driven by the CMV 
promoter), fluorescence was present in both the nucleus and 
the cytoplasm (Fig. UA). However, when the TTP-GFP fusion 
construct was transfected into 293 cells, the fluorescence was 
somewhat heterogeneous and appeared to be largely non- 
nuclear. This was true in cells transfected with both CMV 
.hTTP.EGFP (Fig. UC to F) and the H6E.EGFP construct 
(Fig. IIG and H) in which the hTTP-GFP fusion protein ex- 
pression was driven by the native hTTP promoter and intron. 
Both the promoter and the single intron of TTP play important 
roles in its expression (23, 24). Similar predominantly cytosolic 
distribution was seen in HeLa cells transfected with the same 
constructs (data not shown). 

To determine whether the hTTP-GFP fusion protein ex- 
pressed in 293 cells was biologically active in these cells, we 
tested its ability to bind to the IKF-a ARE probe in the 
cell-free assay mixtures and to promote the size shift of TNF-a 
mRNA in th e int act cells (Fig. 12). Both activities were exhib- 
ited by the hTTP-GFP fusion protein (Fig. 12, lanes 2 and 3). 
We also demonstrated that a single C-to-R mutation in either 
the first or the second zinc finger of hTTP markedly inhibited 
the ability of this hTTP-GFP fusion protein to cause the size 
shift in TNF-a mRNA in 293 cells or to bind to the TNF-a 
ARE in cell extracts (Fig. 12, lanes 4 and 5). These mutations 
did not appear to affect the pattern of distribution of the 
protein in the cells (data not shown). 

DISCUSSION 

The experiments reported here identify a probable function 
for TTP, the prototype of a subclass of vertebrate CCCH 
proteins characterized by two closely spaced zinc fingers with a 
characteristic lead-in sequence for each finger. 
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FIG. 8. UV cross-linking assays of TTP-mTNF-a-ARE complexes. Cytosolic extracts of 293 cells transfected with either vector alone or constructs expressing hTTP 
were prepared as described in Materials and Methods. (A) Lanes 1, extracts from 293 cells transfected with 5 fig of vector plasraid; lanes 2, extracts from 293 cells 
transfected with 10 jxg of plasmid H6E.HGH3' ; lanes 3 to 6, extracts from 293 cells transfected with 5 fxg of wild-type CMV.hTTP.tag (lane 3), zinc finger mutant C124R 
(lane 4), zinc finger mutant C147R (lane 5), or phosphorylation site mutant S228A (lane 6); lane 7, TNF-a probe (1197-1350) alone (5,000 cpm). UV cross-linking and 
RNase digestion were perfonned as described in Materials and Methods. The RNA-protein complexes were resolved by SDS-PAGE (10% polyacrylamide gel) followed 
by autoradiography. The bands at -42,000 in lanes 3 and 6 (arrow) represent radiolabeled TTP. Note the endogenous cellular protein of ^80,000 in that is 
cross-^'linked to the TNF-a ARE in the absence of expressed TTP; this cross-linking was markedly decreased in the presence of TTP (lanes 3 and 6). (B) UV cross-linked 
and RNase-digested samples as described for panel A (lanes 1 to 3) were precleared with preimmune serum and divided into three portions that were incubated with 
preimmune serum (P), a polyclonal antibody to an hTTP-glutathione 5-transferase fusion protein (DU88), or a polyclonal antibody to an mTTP-glutathione 
5-transferase fusion protein (2640). The immunoprecipitated complexes were resolved by SDS-PAGE (10% polyacrylamide gel) and autoradiography. The higher- 
molecular-weight immunoprecipitated complex is indicated by the upper arrow, and the position of TTP is indicated by the lower one. (C) UV cross-linked and 
RNase-digested samples as described for panel A (lanes 1 to 6) were precleared with preimmune serum and divided into two portions that were incubated with 
preimmune serum (P) or a polyclonal anti-epitope tag antibody (I). The immunoprecipitated complexes were resolved by SDS-PAGE (10% polyacrylamide gel) and 
autoradiography. A higher-molecular-weight immunoprecipitated complex is indicated by the upper arrow^ and the position of TTP is indicated by the lower one. (D) 
Five micrograms of protein extract prepared from 293 cells as described above (lanes 1 and 3 to 6) was analyzed by Western blotting with a polyclonal antibody to the 
epitope tag of the fosion protem hTTG.tag. The positions of molecular weight standards (in thousands) are indicated to the left of each gel. The position of TTP is 
indicated by the lower arrowy the position of the -100,000-Afr complex that contains TTP is indicated by the upper arrow. 



This protein exhibited several activities in our assays. In a 
cell-free system, TTP bound directly to the ARE from the 
TNF-a mRNA. This binding was dependent upon the integrity 
of both zinc fingers, in that mutation of a single cysteine to 
arginine in either zinc finger almost totally abrogated binding 
to the ARE, as determined by both UV light cross-linking and 
gel mobility shift experiments. In intact cells, the protein 
caused decreases in the apparent size of TNF-a mRNA in 
cotransfection experiments; again, this effect was not seen with 
cotransfection of either single amino acid zinc finger mutant. 
The cotransfection experiments coupled with RNase H analy- 
sis pointed to an action of TTP in stimulating removal of the 
poly(A) tail of the mRNA, leading to the formation of a dead- 
enylated intermediate. Under appropriate conditions, i.e., at 
low concentrations of expressed TTP, this species was also 
degraded to yield a net decrease in total hybridizable TNF-a 
mRNA accumulation. 

We postulate, therefore, that TTP can participate in the 
series of steps comprising the initial deadenyiation followed by 



the ultimate degradation of at least some of those mRNAs 
containing so-called type II AREs (8, 37), exemplified by 
TNF-a, GM-CSF, and IL-3 (53). It seems likely that an early or 
possibly the first step in this interaction is the direct, zinc 
finger-mediated binding of TTP to the ARE, followed by a 
series of unknown steps that leads ultimately to removal of the 
poly(A) tail and subsequent (or simultaneous) mRNA degra- 
dation. That these events are likely to be physiologically sig- 
nificant is indicated by the results of our earlier studies with the 
TTP knockout mice and macrophages derived from them, in 
which the mice developed a TNF-a excess syndrome associ- 
ated with increased macrophage production of TNF-a, due at 
least in part to increased stability of the TNF-a mRNA in the 
cells (6, 7, 46). 

Many of our conclusions concerning the T IP-stimulated 
removal of the poly(A) tail rely on data from an unnatural 
construct, i.e., CMV.mTNF-a, in which the TNF-a ARE, nor- 
mally 277 bp 5' of the poly(A) tail, is immediately 5' of a 
synthetic tail of 33 A residues directly encoded by the trans- 
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FIG. 9. Elect rophoretic mobility shift assays of TTP-TNF-a-ARE complexes. Cytosolic extracts of 293 cells transfected with either vector alone or constructs 
expressing hTTP were prepared as described in Materials and Methods. Ten micrograms of protein extract was used in the incubation with 10^ cpm of a TNF-a ARE 
probe, and RNA mobility shift assays were performed as described in Materials and Methods. Lanes 1, extracts from 293 cells transfected with 5 fjLg of vector plasmid; 
lanes 3, extracts from 293 cells transfected with 10 M-g of plasmid H6E.HGH3'; lanes 2 and 4 to 6, extracts from 293 cells transfected with 5 jJLg of wild-type 
CMV.hTTP.tag (lane 2), zinc finger mutant C124R (lane 4), zinc finger mutant C147R (lane 5), or phosphorylation site mutant S228A (lane 6). (A) RNA-protein 
complex migration patterns were compared in tlie presence of wild-type TTP (lanes 2 and 3) and its zinc finger mutants (lanes 4 and 5) or its phosphorylation site mutant 
(lane 6). P, mTNF-a probe alone (1197-1350) after digestion with RNase T^. (B) RNA-protein complex migration patterns were compared as described for panel A, 
in the absence (no Ab) or presence (HA.ll) of a polyclonal anti-epitope tag antibody. The supershifted RNA-protein complexes (SS) are indicated by the arrow. 
RNA-protein complexes I, Xl, and III are indicated in both panels. P, mTNF-a probe alone (1197-1350) after digestion with RNase Tj. 



fected cDNA. This construct allowed us to compare the results 
of cotransfection with TTP to those from the RNase H exper- 
iments and permitted the conclusion that one of the results of 
TTP coexpression was the removal of this synthetic tail. This 
incremental decrease in size of the synthetic TNF-a message 
was not seen with the two constructs containing single amino 
acid mutations within the zinc fingers. In contrast, transfection 
studies in which these proteins were coexpressed with mRNAs 
consisting of p-globin-coding sequences and 3' UTR, within 
which the AREs from TNF-a, GM-CSF, and IL-3 were in- 
serted, as well as studies using the native TNF-a mRNA, did 




FIG. 10. TTP zinc finger mutants are ineffective at promoting the size shift of 
TNF-a mRNA. CMVmTNF-a (1 ^tg/plate) was cotransfected into 293 cells with 
5 ftg of vector alone per plate (lanes 1) or 5 jig of wild-type CMVJiTTP.tag (lane 
2), phosphorylation site mutant S228A (lane 3), zinc finger mutant G124R (lane 
4), or zinc finger mutant C147R (lane 5), For lanes 6 to 8, 293 cells were 
transfected with 10 \Lg of wild-type plasmid H6E.HGH3' (lane 6) or its zinc 
finger mutants (C124R, lane 7; C147R, lane 8). Preparation of total cellular 
RNA electrophoresis, and Northern blot analysis were perfonned as described 
in Materials and Methods. Each lane was loaded with 10 iig of total RNA. The 
N orthe rn blots were probed with a '^P-labeled mTNF-a cDNA (upper panel) or 
mTTP cDNA (lower panel). In the upper panel, the anows indicate the two 
species of mTNF-a mRNA. I n the lower panel, the arrow indicates the position 
of transfected-cell-expressed TIP mRNA The position of the 18S rRNA is 
indicated. 



not appear to result in the formation of stable deadenylated 
forms of the mRNA. Instead, coexpression of TTP resulted in 
a decrease in the steady-state levels of the mRNAs, without the 
accumulation of stable truncated intermediates (7). We sug- 
gest that, under normal circumstances, TTP binding to the 
ARE of these mRNAs results in the same series of reactions, 
i.e., deadenylation followed by continued mRNA degradation, 
without the formation of easily detectable stable intermedi- 
ates; this has been demonstrated in macrophages from TTP"^^"^ 
and TTP"^~ mice, in which stable mRNA intermediates were 
not detectable in cells stimulated with LPS and then exposed to 
actinomycin D (7). 

Another problematic aspect of our data concerns the tri- 
phasic dose-respdnse curve of TNF-a mRNA expression as a 
function of expressed TTP. At low levels of transfected CM- 
V.hTTP.tag (10 ng of DNA/plate of cells), coexpression of 
TTP caused a decrease of 83% in total hybridizing TNF-a 
mRNA. However, at higher CMV.hTTP.tag DNA concentra- 
tions, although the hybridizing species of TNF-a mRNA was 
the smaller, deadenylated form, there was a clear-cut increase 
in the amount of hybridizing TNF-a mRNA, reaching about 
300% of control at 100 ng of CMV.hTTP.tag DNA. This net 
increase in total hybridizing TNF-a mRNA at higher trans- 
fected DNA concentrations was seen in more than 10 inde- 
pendent experiments. We propose that the physiologically rel- 
evant effect of TTP is to cause the deadenylation and 
subsequent degradation of the TNF-a mRNA, as seen with low 
amounts of expressed TTP. However, at higher TTP concen- 
trations, although deadenylation still occurred, TTP clearly 
exerted a protective effect on the remaining deadenylated 
mRNA body. This could be due to continued TTP binding to 
the ARE of the deaderiylated mRNA body, which could pro- 
tect the body from further degradation. Alternatively, the ex- 
cess TTP in the cells could be binding to and inhibiting the 
activity of other proteins involved in the degradation of the 
mRNA body, such as exonucleases or endonucleases. We favor 
the second explanation because of an apparent dominant-neg- 
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FIG. 11. Expression of hTTP-GFP fusion protein in 293 cells. 293 cells were 
transfected with either EGFP-Nl or hTTP-GFP fusion constructs, as described 
in Materials and Methods. Twenty-four hours after the transfection, cells were 
analyzed for GFP expression by confocal fluorescence microscopy with a fluo- 
rescein isothiocyanate filter. (A) Cells transfected with EGFP-Nl (5 jig); (B) the 
same field as in panel A under phase-contrast microscopy showing several non- 
transfected cells that were nonflu orescent; (C and D) cells transfected with 
CMV.hTTP.EGFP (10 p-g); (E and F) ceUs transfected with CMV.hTTP.EGFP 
(5 p.g); (G and H) cells transfected with H6E.EGFP (10 y.g). 



ative effect on TNF-a mRNA degradation exerted by zinc 
finger and other mutant TTP constructs (25), Whatever the 
mechanism of this protective effect, it seems unhkeiy to be of 
physiological importance, given that the effect of TTP knock- 
out in mice is to increase TNF-a mRNA stabihty (7). This 
phenomenon may nonetheless be useful in identifying poten- 
tially interacting proteins that cause the breakdown of the 
mRNA body. 
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FIG. 12. Effect of GFP-TTP on TNF-a mRNA stability and binding to the 
ARE of mXNF-a mRNA. (A and B) CMV.mTNF-a (1 M,g/plate) was cotrans- 
fected into 293 cells with 5 ^.g of either vector alone (lane 1), H6E.EGFP (Jane 
2), CMV.hTTP.EGFP (lane 3), or the zinc finger mutants (C124R, lane 4; 
C147R, lane 5) of CMV.hTTP.EGFP per plate. Preparation of total cellular 
RNA, electrophoresis, and Northern blot analysis were performed as described 
in Materials and Methods. Each Jane was loaded with 10 M-g of total RNA. The 
Northern blots were probed with ^^P-labeled mTNF-a cDNA (A) or mXTF 
cDNA (B). In panel A, the arrows indicate the two species of mTNF-a mRNA; 
the position of the 18S rRNA is also mdicated. In panel B, the positions of 
TTP-GFP (arrow) and the 18S rRNA are indicated. (C) 293 cells were trans- 
fected with the same plasmids as described for panels A and B but without the 
CMV.mTNF-a. Cytosolic extracts were prepared, and 20 p-g of total cytosolic 
protein per sample was used in UV cross-linking assays with a ^^P-labeled 
mTNF-a RNA (1281--1350) probe, followed by SDS-PAGE (10% polyacryi- 
amide gel) and autoradiography. The top arrow indicates the position of the 
radiolabeled endogenous cellular protein with an of —80,000; the bottom 
arrow indicates the radiolabeled TTP-GFP fusion protein. The position of the 
108-kDa protein standard is indicated. 



Several proteins with TNF-a ARE-binding and cross-hnking 
activity have been identified previously in cell extracts from 
macrophages and other cells (3, 4, 15, 16, 18, 20, 33, 51). In 
some cases, the activity was inducible by LPS (14, 26). These 
activities may well represent some of the ARE-binding pro- 
teins identified in our cross-linking ejqjeriments, in which en- 
dogenous proteins of —32, 38, 66, and 82 kDa were identified 
in 293 cell extracts. It is unlikely, however, that TTP would 
have been identified by this means, since its presence in normal 
macrophages was barely detectable after maximal LPS stimu- 
lation with the TNF-a mRNA ARE probe and specific anti- 
bodies to TTP. However, since TTP binding to the TNF-a 
mRNA ARE appeared to displace some of these endogenous 
cellular proteins, it is conceivable that some of them exert an 
ARE-protective effect. In this model, TTP could cause TNF-a 
mRNA destabilization, at least in part, by displacing such pro- 
tective proteins from the ARE. 

Many questions remain to be answered about these pro- 
posed interactions, particularly concerning their specificity and 
physiological relevance. It is unlikely that the only mRNA 
species affected by TTP is that encoding TNF-a, and further 
experiments will be required to identify other physiologically 
relevant binding partners. Other future work should address 
the possible functions of the rapid mitogen-induced changes in 
TTP biosynthesis, subcellular localization, and serine phos- 
phorylation, as well as the functions of other CCCH zinc finger 
protein family members. The availability of the cell-free and 
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transfection assays described here should help to answer these 
questions. 
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